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tout velucells, precursors of sperm and egg, migrate during embryogenesis. The signals
that regulate this migration are thus essential for fertility. In ﬂies, lipid signals have been shown to affect
germ cell guidance. In particular, the synthesis of geranylgeranyl pyrophosphate through the 3-hydroxy-3-
methyl-glutaryl coenzyme A reductase (Hmgcr) pathway is critical for attracting germ cells to their target
tissue. In a genetic analysis of signaling pathways known to affect cell migration of other migratory cells,
we failed to ﬁnd a role for the Hedgehog (Hh) pathway in germ cell migration. However, previous reports
had implicated Hh as a germ cell attractant in ﬂies and suggested that Hh signaling is enhanced through
the action of the Hmgcr pathway. We therefore repeated several critical experiments and carried out
further experiments to test speciﬁcally whether Hh is a germ cell attractant in ﬂies. In contrast to
previously reported ﬁndings and consistent with ﬁndings in zebraﬁsh our data do not support the notion
that Hh has a direct role in the guidance of migrating germ cells in ﬂies.
© 2009 Elsevier Inc. All rights reserved.Introduction
The germ cells are the progenitors of the gametes and thus are
critical for the passing of the genetic material from generation to
generation. In many species, including Drosophila, zebraﬁsh and
mouse, germ cells are set aside from somatic cells early in develop-
ment whilst their somatic gonadal counterparts are speciﬁed later at
distant locations. Therefore the germ cells undergo a stereotyped
migration to ﬁnd and associate with the somatic gonad (reviewed in
Kunwar et al., 2006).
Genetic screens in ﬁsh and ﬂies have led to identiﬁcation of factors
that are responsible for guiding germ cells and regulating their
survival during their migration. In zebraﬁsh, key players guiding germhmann).
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receptor CXCR4b (Doitsidou et al., 2002; Knaut et al., 2003). Mutants
in CXCR4b, which is expressed in germ cells, or knock down of SDF1,
which is expressed along the migratory route of germ cells, result in
germ cell mis-migration. Conversely, mis-expression of SDF-1 is
sufﬁcient to attract germ cells to ectopic sites (Doitsidou et al., 2002;
Knaut et al., 2003).
In Drosophila the germ cells are formed at the posterior pole
through the action of maternally derived germ plasm components such
as Oskar, Vasa and Tudor (reviewed in Santos and Lehmann, 2004a).
During gastrulation the germ cells adhere to the underlying somatic
cells and become internalized, placing the germ cells inside the
posterior midgut pocket by embryonic stage 9. At stage 10 the germ
cells begin actively migrating, crossing the midgut epithelium and
moving into the overlyingmesoderm (Kunwar et al., 2008). The somatic
gonadal precursors (SGPs) are speciﬁed in bilateral mesodermal
clusters in parasegments 10–12 (Boyle and DiNardo, 1995). Once in
the mesoderm the germ cells associate with the SGP clusters which
migrate towards each other at stage 13, and compact at stage 14, causing
the germ cells to coalesce forming the bilateral embryonic gonads.
In ﬂies, a key player that regulates germ cell migration is the
enzyme 3-hydroxy-3-methyl-glutaryl coenzyme A reductase
(Hmgcr). In hmgcr mutant embryos many germ cells fail to reach the
SGPs leading to germ cells being ‘lost’ in the soma by the time the SGPs
and germ cells coalesce (Van Doren et al., 1998a). Hmgcr catalyses the
rate-limiting step of the pathway that synthesizes the isoprenoid
lipids, farnesyl pyrophosphate and geranylgeranyl pyrophosphate.
hmgcr is highly expressed in the SGPs and ectopic expression of hmgcr,
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tissue (Van Doren et al., 1998a). Thus hmgcr expression leads to an
attractive cue for germ cells. Mutants in the downstream genes, far-
nesyl pyrophosphate synthase (fpps), geranylgeranyl pyrophosphate
synthase (quemao) and geranylgeranyl transferase type I (betaGGTI)
also show defects in germ cell migration (Santos and Lehmann,
2004b). These data suggest that the germ cell attractant in ﬂies is a
geranylgeranyl modiﬁed protein or that a geranylgeranyl modiﬁed
protein promotes the secretion or synthesis of a germ cell attractant.
Several studies have suggested that Hedgehog (Hh) is the germ
cell guidance factor in ﬂies (Deshpande et al., 2007; Deshpande et al.,
2001) and that this is the critical downstream factor of the Hmgcr
pathway (Deshpande and Schedl, 2005). In ﬂies, Hh is produced as a
precursor protein that is extensively modiﬁed prior to secretion
(reviewed in Ingham andMcMahon, 2001; Jacob and Lum, 2007; Lum
and Beachy, 2004). Following an internal cleavage, a palmitate and
cholesterol moiety are added to the N- and C-termini respectively of
the N-terminal signaling domain (HhN). Hh release requires the
activity of the 12-transmembrane protein Dispatched (Disp) with
correct extracellular spreading depending on cell surface heparan
sulphate proteoglycans (HSPGs). In the receiving cell, Hh binds the
receptor Patched (Ptc), which relieves the inhibitory effect of Ptc on
the seven-transmembrane effector Smoothened (Smo). In the
absence of Smo activity the transcription factor Cubitus interruptus
(Ci) is phosphorylated by protein kinase A (PKA) and other kinases
and targeted for processing into a shorter cytoplasmic repressor form.
Activation of Smo, which involves phosphorylation by PKA, inhibits Ci
phosphorylation and processing resulting in the accumulation of full
length Ci that can translocate into the nucleus and activate gene
expression. The Ser/Thr kinase Fused (Fu), the protein suppressor of
fused [Su(fu)] and the kinesin-like molecule Costal2 (Cos2) are also
required to regulate the subcellular distribution of Ci.
Hh plays an important role as a secreted, diffusible signal that
controls cell fate speciﬁcation during Drosophila embryogenesis,
oogenesis and imaginal disc development (Basler and Struhl, 1994;
Heemskerk and DiNardo, 1994; Lane and Kalderon, 1994). It has been
proposed that in addition to its role as a morphogen, Hh also acts as a
diffusible chemoattractant that guides Drosophila germ cells to the
somatic gonad (Deshpande and Schedl, 2005; Deshpande et al., 2007;
Deshpande et al., 2001). Several different types of experiments were
used to analyze Hh function in germ cell migration. Firstly, the authors
observed that hh-lacZ is expressed in the somatic gonadal mesoderm
(Deshpande et al., 2001), a tissue that attracts germ cells and
aggregates with them to form the embryonic gonad (Boyle and
DiNardo, 1995; Broihier et al., 1998). Second, the authors report that
ectopic expression of hh leads to germ cell migration defects
(Deshpande et al., 2001). Third, the authors report that mutating
maternal components of the Hh signaling pathway leads to germ cell
migration defects in the progeny (Deshpande et al. 2001). Fourth, the
authors report that Hmgcr promotes Hh signaling in particular
through release or transmission of the Hh ligand and postulate that
the function of Hmgcr in germ cell migration is to promote Hh
signaling (Deshpande and Schedl, 2005). Lastly the authors report
that mutants of tout velu (ttv), an enzyme required for heparan
sulphate proteoglycan biosynthesis, also have germ cell migration
defects (Deshpande et al., 2007).
We have conducted a number of large-scale screens for mutants
that affect germ cell migration as well as screens that directly tested
the role of signaling pathways known to affect migration of other cell
types. In both types of experiments we failed to identify a role in germ
cell migration for components of the Hh signaling pathway. Since Hh
signaling function is required for normal embryonic patterning, we
conducted a number of experiments to probe more directly for a role
of Hh in germ cell migration. In contrast to the conclusions drawn
previously, our experiments do not support the notion that Hh has a
direct role in the guidance of migrating germ cells in ﬂies.Materials and methods
Drosophila mutant strains
FRT DCOH2 was provided by Daniel Kalderon (Lane and Kalderon,
1994) but we also tested a line provided by Girish Deshpande. FRT
smoX43 (also known as FRT smo2) was from Marek Mlodzik and we
also tested a line provided by Girish Deshpande. FRT ptcIIW was from
Haifan Lin (King et al., 2001) (same line as tested by Girish
Deshpande). ptc-lacZ (ptcAT96) is a lacZ enhancer trap line courtesy
of Gary Struhl (Struhl et al., 1997). hh-lacZ is an enhancer trap line
obtained from Girish Deshpande. FRTG13 ttvl(2)00681 was courtesy of
Norbert Perrimon (Bellaiche et al., 1998).
Drosophila UAS and Gal4 lines
elav-Gal4 was a gift from Brad Jones, and we also tested a line
provided by Girish Deshpande. UAS-hh was provided by Manfred
Frasch (Azpiazu et al., 1996) but we also tested a line provided by
Girish Deshpande. UAS-hh-N, encoding the N-terminal signaling
domain of the protein but which lacks the cholesterol modiﬁcation
site (Porter et al., 1996), UAS-HACi(m1-4) encoding a HA tagged
constitutively active version of Ci due to serine to alanine mutations
in four PKA phosphorylation sites (Chen et al., 1999), UAS-Ci76
encoding the N-terminal fragment of Ci which acts as a repressor
(Aza-Blanc et al., 1997) and pannier-Gal4 (Heitzler et al., 1996) were
gifts from Jessica Treisman. UAS-ptcΔloop2 was a gift from Gary Struhl
(Briscoe et al., 2001) and UAS-ttv was a gift from Norbert Perrimon
(The et al., 1999). The UAS-ptcΔloop2 transgene is inserted on the X
chromosome therefore, when crossed to females carrying the nos-
Gal4 driver, only half of the progeny would be expected to inherit the
transgene and express the mutant protein. The following stocks were
also used: hairy-Gal4 (Brand and Perrimon, 1993), twi-Gal4 (Brand
and Perrimon, 1993), twi-Gal4, 24B-Gal4 (Greig and Akam, 1995),
nos-Gal4 (Broihier et al., 1998; Van Doren et al., 1998b), UAS-hmgcr
(Van Doren et al., 1998a) and moodyEP1631 (Kunwar et al., 2003).
Antibody staining
The following antibodies were used: polyclonal anti β-Gal 1/
10,000 (Cappel), monoclonal anti-Clift 1/20 (Eya, DSHB), polyclonal
anti-Vasa 1/10,000 (Helene Zinszner, Lehmann Lab), monoclonal
anti Ptc 1/150 (Apa1, DSHB). Antibody detection was carried out
with horseradish peroxidase using a biotinylated secondary antibody
(Jackson ImmunoResearch) and the Vectastain Elite ABC Kit. For
ﬂuorescent labeling we used CY3 anti-mouse (Jackson lab) and Alexa
488 anti rabbit (Molecular probes) secondary antibodies. hh cDNA
was obtained from Jessica Treisman and in-situ hybridization
performed according to Lehmann and Tautz (1994).
Results and discussion
Expression of Hh signaling components does not support a role for Hh in
germ cell migration.
Given previous reports of the role of Hh as a chemoattractant for
Drosophila germ cells (Deshpande and Schedl, 2005; Deshpande
et al., 2007; Deshpande et al., 2001) we have re-examined the role of
Hh in germ cell migration. We have used RNA in situ hybridization to
analyze the expression of hh in the Drosophila embryo. As described
previously, hh is expressed in the ectoderm and the hindgut (Mohler
and Vani, 1992). We also detected weak hh RNA staining in the
mesoderm in a segmental pattern during stages 10–12 (Fig. 1A).
Analyzing a hh-lacZ enhancer trap line, we found co-expression of
LacZ and the gonadal mesoderm marker Clift in the gonadal meso-
derm during stage 11 and 12 as reported by Deshpande et al. (2001).
Fig. 1. hh is expressed in the lateral mesoderm and its receptor ptc is not expressed in germ cells. (A) Stage 11 embryo hybridized with hh antisense RNA. Note the segmental
expression of the RNA in a similar expression pattern in each segment. A square in parasegments 10–12 indicates the position of the gonadal mesoderm. (B) Stage 11 embryo doubly
stained to detect hh expression using a hh-lacZ enhancer line (green) and anti-Clift (red) antibody. In the mesoderm, hh-lacZ is expressed at low levels in every segment (lines),
while Clift is expressed only in the gonadal mesoderm in parasegments 10–12 (arrows). Clift expression partially overlaps with Hh (arrows). (C) Stage 12 and 14 embryos carrying a
ptc-lacZ enhancer trap stained for LacZ (red) and Vasa to mark the germ cells (green). (D) Stage 10 and 13 embryos stained for Ptc protein (red) and vasa (green) showing that Ptc is
not expressed in germ cells at any stage during germ cell migration. Embryos are oriented anterior to the left and dorsal up.
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12 (Fig. 1B, arrowhead) (Boyle et al., 1997), the segments that give rise
to gonadal mesoderm, hh-lacZwas expressed at similar levels in every
segment. Thus Hh is expressed in the lateral mesoderm, where it has
been shown to play a role in patterning but its expression is not gonad
speciﬁc (Riechmann et al., 1998).
We next analyzed if the Hh receptor Ptc is expressed in germ cells
as would be expected if these cells use Hh as an attractant. Firstly weused a ptc-lacZ enhancer trap line (Struhl et al., 1997) to analyze Ptc
expression. Whilst we were able to visualize Ptc expression in stripes
of ectodermal cells, as expected, we did not see LacZ expression in
germ cells (Fig. 1C). We also used a Ptc antibody and again detected
Ptc in segmental stripes but did not detect Ptc in germ cells at any
stage (Fig. 1D). In addition, transcriptional proﬁling of germ cells in
late embryos by Shigenobu et al. (2006) also failed to detect ptc
expression. Our results conﬁrm previous ﬁndings that showed a role
Fig. 2. Expression of UAS-hmgcr but not UAS-hh or UAS-hh-N in the nervous system can
attract germ cells. (A–C) Stage 14 embryos stained for Vasa to mark germ cells (brown).
The driver elav-GAL4 activates UAS expression in the nervous system. Note that UAS-
hmgcr (C) expression in the nervous system leads to attraction of germ cells, while
expression of UAS-hh (A) or the more active UAS-hhN (B) has no effect on germ cell
migration. Embryos are oriented anterior to left, dorsal up. (D) Quantiﬁcation of hhmis-
expression phenotypes. Percentage of stage 14–16 embryos with indicated number of
germ cells outside of the embryonic gonads. Flies homozygous for themesoderm driver,
twist-Gal4, or CNS driver, elav-Gal4, were crossed with ﬂies homozygous for the UAS
transgene. Embryos containing the UAS-hh and twist-Gal4 transgenes alone were used
as a control to indicate the normal ﬁdelity of germ cell migration.
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upregulation of Hh in the gonadal mesoderm or expression of signal
transduction components of the Hh pathway in germ cells.
Ectopic expression of hh does not lead to germ cell migration defects
Molecules functioning as chemoattractants lead to ectopic cell
migration when mis-expressed (Dormann and Weijer, 2003). To test
whether mis-expression of hh causes germ cells to move towards hh
expressing cells, we ectopically expressed hh in different tissues: the
nervous system (using elav-Gal4) and in the mesoderm (twi-Gal4 or
twi-Gal4, 24B-Gal4 double driver). We also tested three different
UAS-hh lines, a UAS-hh line fromManfred Frasch, a UAS-hh-N line from
Phil Beachy and the UAS-hh line used in experiments by Deshpande
et al. 2001. As a positive control for the biological activity of these
lines, we tested the UAS lines for their effectiveness in Hh signaling
during disc development using a pannier-Gal4 driver. The UAS-hh
construct caused notum and thoracic bristle defects as expected, while
the UAS-hh-N construct caused lethality with the pannier-Gal4 driver
used (data not shown) (Lee and Treisman, personal communication;
Heitzler et al., 1996; Porter et al., 1996). As summarized in Fig. 2, for
each experiment we counted the number of germ cells outside of the
embryonic gonads per embryo, and compared these results with a
negative control (twi-Gal4 driver alone and UAS-hh alone) and with a
positive control UAS-hmgcr (Van Doren et al., 1998a). While we
occasionally observe an embryowithmigration defects, we see similar
defects in the experimental and control embryos. Furthermore, we do
not see any attraction of germ cells to the particular region/tissue in
which hh is mis-expressed.
The failure to observe any effect on germ cell migration after
ectopic expression of Hh is in stark contrast to our positive control and
previous results with the same type of expression system using UAS-
hmgcr (Van Doren et al., 1998a). In these experiments germ cells
speciﬁcallymove to the region of high Hmgcr expression. For example,
use of the hairy-Gal4 driver led to ‘striped’ expression of Hmgcr and
preferential accumulation of germ cells in the ‘hmgcr expressing
stripe’ compared to the intervening region (Van Doren et al., 1998a).
Using a nervous system driver (elav-Gal4), we observed germ cells
moving to the region of high Hmgcr expression in the CNS (Van Doren
et al., 1998a). These experiments provided clear evidence for a role of
Hmgcr in germ cell attraction (Van Doren et al., 1998a). For the hairy-
Gal4 and elav-Gal4 drivers, Deshpande et al. (2001) noted germ cell
migration defects but no speciﬁc colocalization of germ cells and
ectopic hh expression. The authors reported an association of germ
cells with the mesodermal ‘cells just to the right of the posterior
midgut invagination’ after pan-mesodermal expression (Fig. 3 of
Deshpande et al., 2001). The authors conclude that these results
suggest a direct attraction of germ cells to regions with ectopic hh
expression. However, hh is normally expressed at high levels at the
posterior of the embryo (Figs. 1A, B), thus one may expect germ cells
to move there even without mis-expression.
Furthermore, pan-mesodermal expression using twi-Gal4 causes
broad defects in mesodermal segmentation (Azpiazu et al., 1996) and
thus it seems unlikely that this pattern of hh mis-expression would
evoke attraction of germ cells to a speciﬁc site. Indeed, after global
hmgcr expression in the mesoderm we observed broad germ cell
migration defects, but no attraction to speciﬁc cell groups (Van Doren
et al., 1998a).
Mutant analysis of the Hh pathway reveals no direct effect on germ
cell migration
hh mutant embryos show patterning abnormalities which pre-
clude the direct analysis of Hh as a germ cell attractant in these
embryos (Moore et al., 1998b). To determinewhether activation of the
Hh signaling pathway in germ cells is required for normal germ cellmigration, we generated germ line clones for an allele of smo. Since
zygotic transcription cannot be detected in germ cells until shortly
before germ cell migration is initiated (Van Doren et al., 1998b;
Zalokar, 1976), the rationale is that the Hh signaling pathway would
have to be provided maternally to the germ cells. Thus, embryos
derived from homozygous germ line clones, which receive awild-type
smo+ gene copy from the father, should have sufﬁcient wild-type Smo
activity to pattern the soma, but should lack Smo in the germ cells. We
recently used this type of experiment to demonstrate a role for DE-
cadherin in germ cell migration (Kunwar et al. 2008). For smoX43
germ line clones, within the same staining reaction we observed half
of the embryos develop into normally segmented larva with properly
formed gonads. These embryos had presumably received a smo+
allele from the father (Fig. 3A, smo M−Z+) and showed normal germ
cell migration. Half of the embryos, which presumably received the
mutant smo− allele from the father, developed abnormally (Fig. 3B,
Fig. 3. Blocking hh-signaling does not affect germ cell migration. (A–D) Dorsal views of
embryos stained for Vasa to mark germ cells (brown). (A) Stage 15 smoX43 M−Z+
embryo showing wild-type germ cell migration with only few germ cells outside
(arrowhead) of the embryonic gonads (arrows). Germ cells are transcriptionally
quiescent and would be expected to require maternal smo and therefore mismigrate in
smo M− embryos if they used Hh as a chemoattractant. (B) Stage 15 smoX43 M−Z−
embryowith germ cells outside of the embryonic gonads due to patterning defects. As a
consequence of poor patterning these embryos are visibly shorter than a wild-type
embryo. (C, D) Stage 14 embryos laid by females carrying the germ cell driver nos-Gal4
mated to males carrying UAS-ptcΔloop2, a mutant version of the Hh receptor that
constitutively blocks Hh signaling (C) and males carrying EP1631, a UAS containing P-
element upstream of the GPCR moody (D). (E) Quantiﬁcation of phenotypes when Hh
signaling is disrupted in germ cells. Percentage of stage 14–16 embryos with indicated
number of germ cells outside of the embryonic gonads as assayed by staining germ cells
with an anti-Vasa antibody. Females homozygous for the germ cell driver, nos-Gal4were
crossed with males containing the UAS transgene. GFP was used as a negative control, Ci
is the transcription factor downstream of Hh, EP1631 results in over-expression of the
GPCR moody.
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phenotype typical for hh or smo mutants (data not shown, van den
Heuvel and Ingham, 1996).
Since germ cell migrationwaswild type in our smoM−Z+ embryos,
we do not support the idea that Hh signal transduction is required in
germ cells for normal germ cell migration. Whilst we cannot rule out
the possibility that smo is zygotically expressed in germ cells, smowas
not detected in germ cells in late embryos by Shigenobu et al. (2006).
These data are in contrast to ﬁndings in Deshpande et al. (2001) whomade germ line clones with the same smo allele (referred to as smo2 in
Deshpande et al. 2001) and reported that germ cells fail to associate
with SGPs and scatter in the posterior in smoM−Z+ embryos.
Wewere unable to analyze the progeny of germ line clones mutant
for other components of the Hh signal transduction pathway, such as
the receptor ptc (using the null allele ptcIIW) and the effector DCO
which encodes the catalytic subunit of PKA (using the null allele
DCOH2), since no eggs were produced over many days of collection.
These ﬁnding are supported by a previous study where King et al.
(2001) showed that germ line clones for ptcIIW fail to develop past
stage 9 of oogenesis. Thus females, which lack ptc activity in the germ
line, produce no embryos. Lane and Kalderon (1994) showed that
homozygous mutant PKA germ line clones (using the null alleles
DCOB3 and DCOH2) are defective in themicrotubule organization of the
oocyte and fail to complete oogenesis. Curiously using the same ptc
and PKA alleles (ptcIIW and DCOH2 respectively), Deshpande et al. were
able to demonstrate germ cell migration defects in the progeny of
mutant germ line clones. Furthermore, they report an increase in the
number of germ cells in embryos from PKA mutant germ line clones.
These results seem surprising given ﬁndings by Lane and Kalderon
(1994), who showed that in homozygous mutant PKA germ line
clones oskar RNA, the germ cell determinant, is localized to themiddle
of the oocyte and eggs are not produced. Thus, if PKAmutant germ line
clones could produce progeny, these embryos would be expected to
have no or reduced Oskar protein levels and thus would be expected
to be defective for germ cell formation (Lane and Kalderon, 1994).
Expression of Hh signaling components in germ cells does not lead
to migration defects
To address the role of the Hh signaling pathway in germ cells
more directly, we used a Gal4 driver to speciﬁcally drive components
of the signaling pathway in germ cells (Van Doren et al., 1998b). As
described previously, the nos-Gal4 driver contains the transcriptional
regulator region and RNA localization and translation elements (5′
and 3′UTR) of the nanos gene while the nanos coding region was
replaced by Gal4-VP16 (Van Doren et al., 1998b). Consequently, Gal4
is maternally synthesized, localized to and translated at the posterior
pole of the embryo. Gal4 activity persists during embryogenesis in
the germ cells and we (Kunwar et al., 2003; Renault et al., 2004;
Starz-Gaiano et al., 2001) and others (Hanyu-Nakamura et al., 2004;
Hanyu-Nakamura et al., 2008) have used this construct successfully
to drive gene expression in germ cells. We used the following UAS
lines in this experiment: 1) UAS-ptcΔloop2 which constitutively blocks
Hh signaling (Briscoe et al., 2001), 2) UAS-Ci76, a dominant negative
truncated form of Ci (Porter et al., 1996), 3) UAS-HACi(m1-4) a
dominant active version of Ci (Chen et al., 1999) and 4) moodyEP1631,
a UAS containing P-element inserted upstream of the moody GPCR,
which leads to germ cell migration defects when ectopically
expressed in germ cells (Kunwar et al., 2003).
As illustrated in Figs. 3C–E, expression of Hh signaling components
in germ cells did not affect their migration whilst expression of the
moody GPCR caused signiﬁcant migration defects (Kunwar et al.,
2003). Thus, while expression of particular genes in germ cells can
affect germ cell migration, none of the components of the Hh signaling
pathway that we tested had an effect on germ cell migration or
survival. This is in contrast to ﬁndings in Deshpande et al. (2007) who
found that germ cell expression of UAS-ptcΔloop2 did lead to germ cell
migration defects in a proportion of embryos.
Ectopic expression of hmgcr in hh negative cells results in germ cell
migration defects
It has been proposed that Hmgcr functions in germ cell migration
due to its role in transmission or release of the germ cell attractant
Hh (Deshpande and Schedl, 2005). Hmgcr is essential for the pro-
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and these lipids are used to prenylate several proteins including the
Rab subfamily of small GTPases, which are known regulators of
secretion. Potentially the secretion of many molecules could be up-
regulated upon Hmgcr over-expression. To test whether Hmgcr acts
through Hh we tested whether Hmgcr over-expression in hh non-
expressing cells can disrupt germ cell migration. If Hh were the germ
cell attractant we would not expect any ectopic germ cell migration
when Hmgcr is expressed in Hh non-expressing cells. We used hh-
Gal4 for expression in Hh expressing cells and ptc-Gal4 for expression
in Hh non-expressing/receiving cells (Deshpande and Schedl, 2005).
We ﬁnd that Hmgcr mis-expression in both Hh expressing and non-
expressing cells causes germ cells to migrate ectopically at equivalent
levels (Fig. 4). As a positive control we used hairy-Gal4 and as aFig. 4. Expression of hmgcr in cells not expressing Hh leads to germ cell migration
defects. (A–C) Lateral views of stage 14 embryos stained for Vasa to mark germ cells
(brown) mis-expressing hmgcr in Hh receiving cells with the ptc-Gal4 (A) in the
epidermis with hairy-Gal4 (B) and in Hh expressing cells with the hh-Gal4 (C). In each
case ectopic hmgcr expression leads to germ cells outside of the gonads. (D)
Quantiﬁcation of hmgcrmis-expression phenotypes. Percentage of stage 14–16 embryos
with indicated number of germ cells outside of the embryonic gonads as assayed by
staining germ cells with an anti-Vasa antibody. lacZ was used as a negative control.negative control we used expression of lacZ with these drivers. These
data strongly argue against a role for Hh as a mediator of Hmgcr-
induced germ cell attraction.
ttv does not affect germ cell migration
Heparan sulphate proteoglycans (HSPGs) are required for the
distribution of extracellular signaling molecules such as Hh. ttv
encodes a subunit of heparan sulphate polymerase and regulates Hh
distribution through its role in HSPG biosynthesis (The et al., 1999).
Deshpande et al. (2007) reports ﬁnding ttv in a zygotic second
chromosome deﬁciency screen looking for deﬁciencies that result in
germ cell migration defects. The authors report that the relatively
mild defects observed in their zygotic deﬁciency could be due to
high maternal contribution, but M−Z− ttv embryos display segment
polarity defects precluding an assessment of germ cell migration.
Therefore they examined the phenotype of an unnamed allele of ttv
in M−Z+ embryos and claim that 27% of embryos have 7 or more
germ cells lost.
We used the ttv null allele ttvl(2)00681 and veriﬁed that it is correct
by performing cuticle preparations of ttv M−Z− embryos, which
displayed segment polarity defects identical to those reported in The
et al. (1999) (data not shown).We then examined germ cell migration
in embryos that either lacked maternal function of ttv, zygotic
function, or both maternal and zygotic function. We found that M−Z+
embryos from ttvl(2)00681 germ line clones are perfectly patterned
and germ cell migration is completely wild type (Fig. 5A). Only 1
embryo (of 27 examined) had 5 or more germ cells outside the
gonad. We then asked whether ttv M+Z− embryos have a germ cell
migration phenotype and found that zygotic embryos, which again
are normally patterned, have no germ cell migration phenotype (Fig.
5B). We then assessed germ cell migration in ttv M−Z− embryos.
Such embryos had segment polarity defects and germ cell migration
was highly perturbed most likely as a consequence of patterning
defects. However, we noted that in many embryos germ cells were
found in bisymmetrical clusters at the expected positions of the
embryonic gonads (Fig. 5C). Thus in spite of the poor patterning of
these embryos many germ cells still ﬁnd and associate with the
SGPs. We have also performed a genetic screen on the right arm of
the second chromosome (described in Barbosa et al. 2007), where
ttv is located, searching for mutants affecting germ cell migration.
Although we obtained a number of mutants that result in clear
germ cell migration defects including fpps (A.D.R., H.S., P.S.K. and R.
L., unpublished) and shg (Kunwar et al., 2008) we did not recover
any alleles of ttv. Taken together our results suggest that ttv loss of
function has no effect on germ cell migration.
We also examined the effects of ttv over-expression on germ cell
migration. We used hairy-Gal4 and ptc-Gal4 to over-express ttv in
the epidermis and in Hh-receiving cells respectively. As positive and
negative controls we used UAS-hmgcr and UAS-lacZ respectively. We
ﬁnd that ttv over-expression with these drivers does not lead to
signiﬁcant differences in the ﬁdelity of germ cell migration compared
to the negative control (Figs. 4 and 5D). In contrast, and as described
above, Hmgcr over-expression with these drivers caused a signiﬁcant
number of germ cells to remain outside of the gonads (Fig. 4D).
Therefore we ﬁnd no evidence that over-expression of ttv leads to
defects in germ cell migration. These data are again in contrast to
ﬁndings in Deshpande et al. (2007) who found that ttv over-
expression with hairy-Gal4 led to germ cell migration defects in the
majority of embryos.
In summary, we have used a mixture of mutant and over-
expression analysis of components of the Hh pathway, including ptc,
smo, ci and ttv, to probe the role of Hh in germ cell migration and have
found no evidence to support a role for any of thesemolecules in germ
cell migration. In addition we ﬁnd that the ability of hmgcr to attract
germ cells does not act through Hh.
Fig. 5. ttv does not affect germ cell migration. (A, B) Dorsal views of stage 14 embryos stained for Vasa to mark germ cells (brown). (A) Embryo laid by ttv germ line clone females
mated to wild-type males (ttv M−Z+ embryo) showing wild type germ cell migration. (B) a ttv zygotic mutant (ttv M+Z−) embryo showing wild type germ cell migration. (C)
Embryos laid by ttv germ line clone females mated to mutant males (ttv M−Z− embryos) showing that in spite of patterning defects germ cells are able to separate into bilateral
groups (a, a’, stage 11 embryo lateral view represented in 2 focal planes) and often cluster bisymmetrically at the presumed sites of the embryonic gonads (arrows) (b, b’, stage 14
embryo dorsal view represented in 2 focal planes). Note that the non-germ cell staining in B and C b and b’ comes from the lacZ containing P-element of the ttv l(2)00681 allele and
the anti-lacZ antibody used to distinguish between balancer and mutant embryos. (D) Quantiﬁcation of ttv loss and gain of function phenotypes. M−Z− mutant embryos were not
quantiﬁed due to patterning defects. Positive and negative controls for ptc and hairy (h) Gal4 drivers are included in Fig. 4D.
361A.D. Renault et al. / Developmental Biology 328 (2009) 355–362Mich et al. (2009), in the accompanying paper, have examined the
role of Hh in germ cell migration in zebraﬁsh. The authors made Smo
M−Z− embryos using the germ line transplantation technique using
two Smo alleles, smuhi1640 and smub577, that lack detectable som
mRNA and are probably null (Chen et al., 2001). In both cases,
although the embryos displayed phenotypes consistent with disrup-
tion of Hh signaling, germ cell migration was wild-type. The authors
conclude that Smo and Smo-dependent processes such as Hh
signaling are not required for germ cell migration in zebraﬁsh (Mich
et al., 2009).Sonic hedgehog has been demonstrated to be a chemoattractant
for commissural axons in mouse (Charron et al., 2003) acting through
a receptor other than Ptc, namely Boc (Okada et al., 2006). Whilst we
cannot rule out the possibility that germ cells utilize a completely
different and as yet undiscovered pathway for Hh signaling as com-
pared to somatic cells, we have strong evidence indicating that Hh is
not a direct attractant for germ cell migration in ﬂies. Hh does how-
ever play a very important role in the cell fate speciﬁcation of the
mesoderm including the gonadal mesoderm (Azpiazu et al., 1996;
Moore et al., 1998a; Moore et al., 1998b; Riechmann et al., 1998).
362 A.D. Renault et al. / Developmental Biology 328 (2009) 355–362Note
As this work was being revised Deshpande et al. (2009) published
a study inwhich they report that Gγ1 is required for directed germ cell
migration in Drosophila. In a parallel study we have addressed this
question using the same ﬂy stock as Deshpande et al. (2009) and have
found no evidence of a somatic requirement for Gγ1 in germ cell
migration (Ricardo and Lehmann, 2009).
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